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A B S T R A C T
Four non-equiatomic Fe-(Co, Mn)-Cr-Ni-Al-(Ti) high entropy alloys, namely Fe36Mn21Cr18Ni15Al10,
Fe36Co21Cr18Ni15Al10, Fe35Mn20Cr17Ni12Al12Ti4, and Fe35Co20Cr17Ni12Al12Ti4 alloys, were produced by arc
melting. Structures and compression mechanical properties of the as-cast alloys were examined. The
Fe36Co21Cr18Ni15Al10 alloy had mostly a face-centered cubic (fcc) structure, while Fe36Mn21Cr18Ni15Al10 mainly
consisted of a body-centered cubic (bcc) matrix with embedded B2 precipitates. An addition of Ti resulted in the
formation of L21 precipitates of a cuboidal shape mostly in the Fe35Mn20Cr17Ni12Al12Ti4 and of a plate-like shape
in the Fe35Co20Cr17Ni12Al12Ti4 alloys. In addition, a signiﬁcant amount of the fcc phase (0.17) was found in the
latter alloy. Good correlation between the average valence electron concentration (VEC) value and the amount of
the fcc phase in the experimental alloys was found. The comparison of the experimental data with results ob-
tained using a Thermo-Calc software and a TCHEA2 database demonstrated a lack of credibility in the L21 phase
formation predicting. In terms of the mechanical properties, the Fe36Co21Cr18Ni15Al10 alloy was rather soft,
while the Fe36Mn21Cr18Ni15Al10 and Fe35Mn20Cr17Ni12Al12Ti4 alloys had high strength at temperatures of
≤400 °C. The Fe35Co20Cr17Ni12Al12Ti4 alloy had the highest strength among the examined alloys and main-
tained the strength at temperatures up to 600 °C. The correlation between the mechanical properties and
structure of the non-equiatomic Fe-(Co, Mn)-Cr-Ni-Al-(Ti) high entropy alloys and a potential for further im-
provements of the properties are discussed.
1. Introduction
The so-called high entropy alloys (HEAs) have become a major re-
search topic in materials science in the recent years [1–4]. The HEAs
are diﬀerent from the conventional alloys in their complex, multi-
principal element chemical composition. According to the original de-
ﬁnition they are composed of at least 5 principal elements taken in
nearly equiatomic proportions (5–35 at.%) [5]. It is thus believed that
HEAs can possess unique structures and properties not attainable in
conventional alloys and can therefore be attractive materials for ad-
vanced applications [2,6].
One of the particularly promising application areas for HEAs is their
usage as high-temperature materials [2,6–8]. Indeed, many HEAs have
demonstrated remarkable mechanical properties at elevated tempera-
tures [6,9–18]. Although in the initial studies the main attention has
been focused on solid solution single phase HEAs, it is believed that the
solid solution matrix needs to be strengthened by second phase(s)
precipitates to maintain high strength at elevated temperatures [19,20].
Such an approach is widely used with respect to high-temperature al-
loys (Ni-based superalloys, for example) design. In the Ni-based su-
peralloys a face-centered cubic (fcc) matrix is strengthened by ﬁne
precipitates of a Ni3(Al, Ti) phase with an L12 structure [21]. Similar
kind of microstructure (the fcc matrix with the L12 precipitates) can be
produced in some HEAs [22–28]; in Refs. [25,27] such alloys have been
referred to as high entropy superalloys (HESAs). It was reported re-
cently that HESAs can oﬀer some improved properties in comparison
with the conventional Ni-based superalloys [8].
Meanwhile diﬀerent types of the superalloy-like microstructure can
be produced in HEAs based on 3d transition metals. In Refs. [29–34] a
structure of HEAs was found to be composed of a body-centered cubic
(bcc) matrix with embedded B2 precipitates. The bcc/B2 alloys can
oﬀer high strength at room and elevated temperatures together with
suﬃcient ductility. It should be noted that ferritic steels with a similar
microstructural design (bcc/B2) have been developed recently for high-
temperature applications in power plants [35,36]. Therefore, it might
be suggested that the bcc/B2 HEAs can also have a potential for
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practical applications. However, additional studies are required to de-
velop alloys with the best combination of properties and to improve
further their performance.
For instance, we have recently introduced the Fe36Mn21Cr18Ni15Al10
alloy with the bcc/B2 microstructure which maintains high strength at
temperatures up to 400 °C [29,34]. However at higher temperatures the
strength of the alloy degraded considerably. An improvement of the
high-temperature properties of the alloy is highly desirable. In this
work, we have explored two possible options to increase the high-
temperature strength of the alloy:
1. The replacement of Mn with Co could increase the melting tem-
perature and improve the high-temperature strength because among
the commonly used 3d transition metals, Co has a much higher
melting temperature (1495°С) in comparison to that of Mn
(1246°С).
2. An addition of Ti can improve the mechanical properties of the
Fe36Mn21Cr18Ni15Al10 alloy because (i) Ti was suggested to beneﬁt
the stability of the bcc/B2 structure of the Fe36Mn21Cr18Ni15Al10
alloy [29] and (ii) Ti was found to have a positive eﬀect on the high-
temperature properties of steels with the bcc/B2 structure due to the
formation of additional ordered phases [35,36].
Along these lines, structures and mechanical properties of the four
non-equiatomic Fe-(Co, Mn)-Cr-Ni-Al-(Ti) HEAs, namely the
Fe36Mn21Cr18Ni15Al10, Fe36Co21Cr18Ni15Al10, Fe35Mn20Cr17Ni12Al12Ti4,
and Fe35Co20Cr17Ni12Al12Ti4 alloys, are reported in this work. The
exact compositions of the alloys were chosen based on preliminary
screening of phase diagrams produced by the Thermo-Calc software;
the objective was to maintain a solid solution matrix phase potentially
strengthened by ordered precipitates. Two main aims were pursued: (i)
to gain better understanding of the compositional eﬀect on the structure
and mechanical properties of the bcc-structured precipitation-
strengthened HEAs; (ii) to establish ways of the high-temperature per-
formance of such alloys improving.
2. Materials and methods
The alloys with nominal compositions of Fe36Mn21Cr18Ni15Al10,
Fe36Co21Cr18Ni15Al10, Fe35Mn20Cr17Ni12Al12Ti4, and Fe35Co20Cr17
Ni12Al12Ti4 (the subscripts indicate the atomic percentages (at. %) of
the corresponding elements) were produced by vacuum arc melting.
High-purity (at least 99.9%) powders of the constitutive elements were
used as starting materials. The produced ingots had dimensions of
∼10× 12×40mm3. The ingots were remelted 5 times to ensure the
chemical homogeneity. Specimens for microstructural characterization
and mechanical testing were cut from the produced ingots using an
electric discharge machine.
Microstructure and phase composition of the alloys in the as-cast
condition were studied using X-ray diﬀraction (XRD), scanning (SEM)
and transmission (TEM) electron microscopy techniques. XRD analysis
was performed using a RIGAKU diﬀractometer and Cu Kα radiation.
The obtained XRD patterns were used to measure the lattice parameters
of the constitutive phases. Samples for SEM observations were prepared
by careful mechanical polishing. SEM investigations were performed
using a FEI Quanta 600 and a FEI Nova NanoSEM ﬁeld emission gun
(FEG) microscopes equipped with a back-scattered electron (BSE), an
energy-dispersive X-ray spectrometry (EDS), and an electron back-
scattered diﬀraction (EBSD) detectors. EBSD phase maps were pro-
duced using a TSL OIM software. Samples for TEM analysis were pre-
pared by the conventional twin-jet electro-polishing of mechanically
pre-thinned to 100 μm foils, in a mixture of 95% C2H5OH and 5%
HClO4 at the 27 V potential. TEM investigations were performed using a
JEOL JEM-2100 microscope equipped with an EDS detector at an ac-
celerating voltage of 200 kV. The volume fractions of diﬀerent phases
were measured from SEM-BSE/TEM bright-ﬁeld images using a
Digimizer Image Analysis Software.
Compression mechanical tests were performed on an Instron ma-
chine equipped with a radial heating furnace. Rectangular specimens of
the alloys in the as-cast conditions with dimensions of 7× 5×5mm3
were used. The testing was carried out at room (25 °C) and elevated
(400 or 600 °C; additional testing at 800 °C was performed for the
Fe35Co20Cr17Ni12Al12Ti4 alloy only) temperatures at an initial strain
rate of 10−4 s−1 to 50% height reduction. Prior to the testing the
specimens were placed in a preheated to the testing temperature fur-
nace and held for ≈10min to ensure working temperature which was
controlled by a thermocouple attached to a side surface of the speci-
mens.
Equilibrium phase diagrams were constructed using a Thermo-Calc




Fig. 1 shows XRD patterns of the experimental alloys in the as-cast
condition; lattice parameters of the constitutive phases are summarized
in Table 1. According to the XRD data, the Fe36Mn21Cr18Ni15Al10 alloy
was composed of two principal phases –bcc and B2. The lattice para-
meters (a) of the bcc and B2 phases were 2.878 Å and 2.987 Å, re-
spectively. In addition, tiny peaks from an fcc phase (a=3.621 Å) can
be seen. In contrast, the major phase of the Fe36Co21Cr18Ni15Al10 alloy
was the fcc one (a=3.591 Å). Additional small intensity maximums
from the B2 phase (a= 2.874 Å) were also observed. The
Fe35Mn20Cr17Ni12Al12Ti4 alloy was composed of two major phases: the
bcc (a=2.886 Å) phase and an L21 (ordered fcc) phase (a=5.832 Å).
The XRD pattern of the Fe35Co20Cr17Ni12Al12Ti4 alloy is quite similar
to that of the previous alloy; yet in addition to the bcc and L21 peaks
some reﬂections from the fcc phase (a=3.588 Å) were found.
Fig. 1. XRD patterns of the Fe36Mn21Cr18Ni15Al10 (pattern #1),
Fe36Co21Cr18Ni15Al10 (#2), Fe35Mn20Cr17Ni12Al12Ti4 (#3), and
Fe35Co20Cr17Ni12Al12Ti4 (#4) alloys in the as-cast conditions.
Table 1
Lattice parameters of the constitutive phases of the Fe36Mn21Cr18Ni15Al10,
Fe36Co21Cr18Ni15Al10, Fe35Mn20Cr17Ni12Al12Ti4, and Fe35Co20Cr17Ni12Al12Ti4
alloys in the as-cast conditions.
№ Alloy Lattice parameter, Å
fcc B2 bcc L21
1 Fe36Mn21Cr18Ni15Al10 3.621 2.897 2.878 –
2 Fe36Co21Cr18Ni15Al10 3.591 2.874 – –
3 Fe35Mn20Cr17Ni12Al12Ti4 – – 2.886 5.832
4 Fe35Co20Cr17Ni12Al12Ti4 3.588 – 2.887 5.734
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3.2. Microstructure
The microstructure of the Fe36Mn21Cr18Ni15Al10 alloy is presented
in Fig. 2. A low-magniﬁcation SEM-BSE image (Fig. 2a) showed ap-
parently a single-phase structure with coarse (d≈ 200 μm), irregularly
shaped grains. The presence of many pores (ﬁne black dots of irregular
shape, some of them are indicated in Fig. 3a with arrows) should be
noted; similar defects can be found in other alloys (Figs. 3a, 4a and 5a).
At a higher magniﬁcation the presence of (i) discontinuous layer of the
second phase with a thickness of several microns on the boundaries of
coarse grains and (ii) cuboidal precipitates inside these grains can be
observed (Fig. 2b). The grain boundary phase was enriched with Mn
and Ni per SEM-EDS analysis (Table 2). EBSD phase map showed that
those grains which contain precipitates have a bcc structure (red color
in Fig. 2c) while the grain boundary phase had an fcc structure (green
color in Fig. 2c). Note that the bcc and B2 phases cannot be dis-
tinguished from each other using the EBSD technique. The fraction of
the fcc phase was found to be 0.03. Some fcc particles nucleated at the
boundary and then propagated into grain interiors. The precipitates
inside the bcc grains were analyzed using TEM. The average size and
fraction of the cuboidal precipitates were 240 nm and 0.38, respec-
tively. Selected area electron diﬀraction (SAED) patterns analysis has
Fig. 2. Microstructure of the Fe36Mn21Cr18Ni15Al10 alloy: (a, b) – SEM-BSE images; (c) – EBSD phase map (the bcc phase is green and the fcc phase is red); (d) TEM
bright-ﬁeld image; (e) – TEM dark-ﬁeld image with the corresponding selected area electron diﬀraction (SAED) pattern. The chemical composition of typical
structural constituents measured by EDS is given in Table 2. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web
version of this article.)
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shown that the matrix had a disordered bcc structure, while the cu-
boidal precipitates had an ordered B2 structure (Fig. 2d). In addition to
the relatively coarse cuboidal B2 precipitates, the bcc matrix also
contains ﬁne (the average size of 12 nm) spherical precipitates. TEM-
EDS showed that the bcc matrix was enriched with Fe and Cr and de-
pleted of Ni and Al, while the B2 phase was enriched in Ni and Al and
depleted of the rest of the elements (Table 2). The ﬁne spherical B2
precipitates were too small to measure their chemical composition re-
liably.
At ﬁrst glance the structure of the Fe36Co21Cr18Ni15Al10 alloy
(Fig. 3a) seems quite similar to that of the Fe36Mn21Cr18Ni15Al10 alloy
(Fig. 2a): coarse, elongated grains with the second phase(s) along grain
boundaries. Yet, the grain size was much smaller (thickness ∼50 μm),
and the second phase fraction (a darker phase on the SEM-BSE image,
Fig. 3a) was substantially higher – 0.07. Meanwhile, a higher magni-
ﬁcation SEM-BSE image (Fig. 3b) showed that the matrix phase was free
from any precipitates while the dark areas had a dual-phase basket-
wave-type structure, unlike the Fe36Mn21Cr18Ni15Al10 alloy. EBSD
analysis revealed that the matrix phase had an fcc structure, while the
second phase(s) (the dark areas on the SEM-BSE images) had a bcc-
based structure (Fig. 3c). The chemical composition of the fcc matrix
was close to the nominal composition of the alloy (Table 3). TEM
images (Fig. 3d and e) have conﬁrmed the absence of any precipitates
in the fcc matrix and the presence of a lamellar mixture of the bcc and
Fig. 3. Microstructure of the Fe36Co21Cr18Ni15Al10 alloy: (a, b) – SEM-BSE images; (c) – EBSD phase map (the bcc phase is green and the fcc phase is red); (d) TEM
bright-ﬁeld image; (e) – TEM dark-ﬁeld image with the corresponding SAED pattern. The chemical composition of typical structural constituents measured by EDS is
given in Table 3. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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B2 phases between the fcc grains. The volume fractions of both phases
were almost identical: 0.03 of the bcc phase and 0.04 of the B2 phase.
The average thickness of the bcc/B2 plates was 90 nm. The bcc phase
was enriched with Fe and Cr, and the B2 phase – with Ni and Al
(Table 3). Co was nearly evenly distributed between the two phases.
The microstructure of the Fe35Mn20Cr17Ni12Al12Ti4 alloy on a low-
magniﬁcation SEM-BSE image was presented by equiaxed grains with
the average size of 30 μm (Fig. 4a). A higher magniﬁcation image de-
monstrated the presence of mostly cuboidal precipitates in the grains
(Fig. 4b). Some of these cuboids were arranged in chains, forming cell-
like structures inside the grains. Also in some areas (e.g. the central part
of Fig. 4b) a lamellar structure composed of plate-like particles of two
types of phases was observed. Meanwhile EBSD analysis (not shown)
has revealed the presence of a bcc phase(s) only. However, it should be
noted that the L21 phase detected by XRD (Fig. 1), cannot be reliably
distinguished from the bcc (B2) phase(s) during EBSD scanning due to
similar positions of many reﬂections. TEM images clearly illustrated
that the cuboidal precipitates inside the disordered bcc matrix had an
L21 ordered structure (Fig. 4d). The average size of the cuboidal L21
precipitates was 190 nm. The modulated lamellar structure was also
composed of the bcc and L21 phases in form of plates; the thickness of
plates was ∼70–200 nm. The volume fraction of the L21 phase was
0.42. The majority of the bcc matrix was enriched with Fe and Cr, while
the cuboidal L21 precipitates were mostly composed of Ni, Al, and Ti
(Table 4). However, the bcc plates that formed the modulated structure
had a quite similar chemical composition with the cuboidal L21 parti-
cles. The plate-like L21 particles, in turn, had less Fe and Cr and more
Ni, Al, and Ti than their cuboidal counterparts.
The Fe35Co20Cr17Ni12Al12Ti4 alloy had the most complex micro-
structure among the studied alloys (Fig. 5). The structure consisted of
grains with the average size of 65 μm (Fig. 5a). A thin layer of a second
phase was found along grain boundaries (a light phase on the SEM-BSE
images). Lens-shaped areas expanded from the boundaries into grains
interior. Also, colonies of lamellar precipitates with a light contrast
were observed within the grains (Fig. 5b). The EBSD phase map
(Fig. 5c) clearly showed that the grain boundary phase, as well as the
lens-shaped areas, had mostly an fcc structure. A TEM bright-ﬁeld
image illustrated the lamellar structure inside the most of the grains
(Fig. 5d); this structure was composed mainly of the bcc and L21 plates
(Fig. 5e). The average thickness of these plates was 65 nm, and the
fractions of the bcc and L21 phases were 0.44 and 0.39, respectively. In
addition, some lamellae of the fcc phase were found; they are marked
with arrows in Fig. 5d and showed in a dark-ﬁeld image (Fig. 5f). The
fraction of the fcc phase was 0.17. Chemical analysis showed that the
bcc phase had a composition close to that of the alloy, while the L21
particles were enriched with Ni, Al, and Ti, and depleted of Fe and Cr
(Table 5). The fcc particles were enriched with Fe.
3.3. Mechanical properties
Fig. 6 presents stress-strain curves, obtained during compression
testing of the Fe36Mn21Cr18Ni15Al10 (Fig. 6a), Fe36Co21Cr18Ni15Al10
(Fig. 6b), Fe35Mn20Cr17Ni12Al12Ti4 (Fig. 6c), and
Fe35Co20Cr17Ni12Al12Ti4 (Fig. 6d) alloys at room temperature, 400 °C,
600 °C, and 800 °C (the latter for the Fe35Co20Cr17Ni12Al12Ti4 alloy
only). The yield strength and deformation to fracture of the alloys are
summarized in Table 6. Apparently, the variations in chemical com-
position had a signiﬁcant eﬀect on the mechanical behavior of the al-
loys.
The Fe36Mn21Cr18Ni15Al10 alloy had rather high yield strength of
910MPa at room temperature (Table 6); after the yielding the alloy
showed continuous strengthening (Fig. 6a). The alloy also had good
Fig. 4. Microstructure of the Fe35Mn20Cr17Ni12Al12Ti4 alloy: (a, b) – SEM-BSE images; (c) TEM bright-ﬁeld image; (d) – TEM dark-ﬁeld image with the corresponding
SAED pattern. The chemical composition of typical structural constituents measured by EDS is given in Table 3.
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Fig. 5. Microstructure of the Fe35Co20Cr17Ni12Al12Ti4 alloy: (a, b) – SEM-BSE images; (c) – EBSD phase map (the bcc phase is green and the fcc phase is red); (d) TEM
bright-ﬁeld image; (e, f) – TEM dark-ﬁeld images with the corresponding SAED patterns. The chemical composition of typical structural constituents measured by
EDS is given in Table 5. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
Table 2
Chemical composition (in at.%) of the structural constituents of the
Fe36Mn21Cr18Ni15Al10 alloy measured by SEM/TEM-based EDS.
Constituent Fe Co Mn Cr Ni Al Ti
bcc 45.6 – 18.7 26.3 5.9 3.5 –
B2 29.2 – 12.5 15.7 25.0 17.6 –
fcc 36.3 – 21.2 15.6 17.6 9.3 –
Actual composition of the alloy 36.4 – 19.1 18.7 15.4 10.4 –
Table 3
Chemical composition (in at.%) of the structural constituents of the
Fe36Co21Cr18Ni15Al10 alloy measured by SEM/TEM-based EDS.
Constituent Fe Co Mn Cr Ni Al Ti
fcc 35.2 21.1 – 18.4 14.7 10.6 –
bcc 38.2 18.1 – 29.3 8.1 6.3 –
B2 25.9 20.0 – 14.1 19.2 20.7 –
Actual composition of the alloy 35.9 20.5 – 18.2 14.7 10.7 –
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ductility not fracturing after 50% of compression deformation at all
testing temperatures. An increase in the testing temperature to 400 °C
resulted in a moderate decrease in the yield strength and somewhat
reduced work hardening. Further increase of the testing temperature to
600 °C has resulted in a pronounced drop of the yield strength to
325MPa. Also, after the yielding the alloy exhibited a very short work
hardening stage followed by a steady state ﬂow stage.
The Fe36Co21Cr18Ni15Al10 alloy was much softer than the
Fe36Mn21Cr18Ni15Al10 alloy (Fig. 6b, Table 6). For instance, the yield
strength of the Fe36Co21Cr18Ni15Al10 alloy at room temperature was
only 250MPa. However, the alloy showed a very good strain hardening
capacity; its ﬂow stress approached 1000MPa after 30% height
reduction. The alloy was also very ductile (> 50% without fracture) at
all testing temperatures. An increase in temperature to 400 °C and
600 °C had resulted in some decrease in the yield strength to 155MPa
and 150MPa, respectively. The strain hardening rate also diminished
slightly with the temperature increase.
The mechanical behavior of the Fe35Mn20Cr17Ni12Al12Ti4 alloy was
quite similar to that of the Fe36Mn21Cr18Ni15Al10 alloy (Fig. 6c,
Table 6). In terms of the yield strength, the Ti-containing alloy was
stronger at all testing temperatures. For example, the yield strength of
the alloy was 1240MPa, 1100MPa, and 355MPa at room temperature,
400 °C and 600 °C, respectively. Yet, the alloy showed a less pro-
nounced strain hardening at all temperatures. At room temperature, the
alloy fractured after 31% height reduction. An increase in temperature
improved ductility since the alloy had not fractured after 50% reduction
at 400 °C and 600 °C.
Finally, the Fe35Co20Cr17Ni12Al12Ti4 turned out to be the strongest
among the tested alloys (Fig. 6d, Table 6). It had the yield strength of
1420MPa and 1285MPa at room temperature and 400 °C, respectively.
What is even more important, the alloy had a high yield strength of
785MPa at 600 °C. However testing at 800 °C has revealed a drop in
strength to 190MPa. At room temperature and 400 °C the alloy ex-
hibited a prolonged hardening stage after the yielding, but had rather
limited ductility: 18% and 24%, respectively. At higher temperatures a
steady state ﬂow stage was observed till 50% strain.
3.4. Phase diagrams
Equilibrium phase diagrams (dependencies of the fractions of the
constitutive phase on temperature) of the studied alloys are shown in
Fig. 7. Characteristic phase transformation temperatures are summar-
ized in Table 7. The Fe36Mn21Cr18Ni15Al10 alloy was expected to start
the solidiﬁcation with the single bcc phase (as well as the rest of the
alloys) (Fig. 7a); the predicted liquidus and solidus temperatures were
Table 4
Chemical composition (in at.%) of the structural constituents of the
Fe35Mn20Cr17Ni12Al12Ti4 alloy measured by SEM/TEM-based EDS.
Constituent Fe Co Mn Cr Ni Al Ti
Matrix bcc 38.9 – 20.3 20.6 8.9 8.2 3.2
Cuboidal L21 31.8 – 18.0 13.1 17.7 13.5 5.8
Plate-like bcc 30.7 – 18.2 14.8 17.7 12.7 5.8
Plate-like L21 26.4 – 16.1 11.1 23.3 15.7 7.5
Actual composition of the alloy 35.0 – 19.5 17.2 12.0 12.1 4.1
Table 5
Chemical composition (in at.%) of the structural constituents of the
Fe35Co20Cr17Ni12Al12Ti4 alloy measured by SEM/TEM-based EDS.
Constituent Fe Co Mn Cr Ni Al Ti
bcc 33.0 19.2 – 21.1 9.4 12.5 4.8
L21 23.1 22.5 – 10.4 17.5 18.4 8.1
fcc 42.1 18.9 – 18.6 11.9 6.7 1.8
Actual composition of the alloy 35.0 19.5 – 17.0 11.6 13.2 3.7
Fig. 6. Compression stress-strain curves at diﬀerent temperatures of: (a) Fe36Mn21Cr18Ni15Al10 alloy; (b) Fe36Co21Cr18Ni15Al10 alloy; (c) Fe35Mn20Cr17Ni12Al12Ti4
alloy; (d) Fe35Co20Cr17Ni12Al12Ti4 alloy.
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1577 °C and 1432 °C, respectively (Table 7). After a prolonged single
bcc phase ﬁeld, the B2 phase was expected to precipitate at 1131 °C. At
slightly lower temperatures of 1058 °C and 1019 °C respectively the fcc
and sigma phases appeared. The fractions of the B2, fcc, and sigma
phases increased pronouncedly and at 914 °C the bcc phase dis-
appeared. The B2 phase was enriched with Ni and Al, the fcc phase –
with Fe, and the sigma phase – with Cr and Mn. Note that some dif-
ferences can be found in the current phase diagram in comparison to
that reported in Ref. [29] for the same alloy; this is due to diﬀerent
versions of thermodynamic databases used for the calculations.
The Fe36Co21Cr18Ni15Al10 alloy phase diagram (Fig. 7b) was dis-
tinctively diﬀerent from that of the Fe36Mn21Cr18Ni15Al10 alloy
(Fig. 7a). First, the solidiﬁcation started at a lower temperature and the
solidiﬁcation range was narrower – the liquidus and solidus tempera-
tures were 1385 °C and 1355 °C respectively (Table 7). The solidiﬁca-
tion started from the bcc phase, yet the fcc phase also appeared from
the liquid at temperatures below 1371 °C. As a result, the solidiﬁcation
terminated with a mixture of the bcc and fcc phases with the fractions
of 0.64 and 0.36 respectively. However, the fcc phase fraction quickly
increased with a further decrease of temperature to ∼1200 °C. In ad-
dition, the ordered B2 phase appeared at temperatures below 1287 °C.
As the result, the bcc phase disappeared at 1213 °C. In a high-tem-
perature (bcc + fcc) region, both the bcc and fcc phases had the che-
mical compositions close to the nominal composition of the alloy. In
turn, in a lower temperature (fcc + B2) region the B2 phase was en-
riched with Al and Ni, while the fcc phase was mostly composed of Fe
and Cr. Co was nearly evenly distributed between the phases.
The predicted phase diagram of the Fe35Mn20Cr17Ni12Al12Ti4 alloy
(Fig. 7c) looks very close to that of the Fe36Mn21Cr18Ni15Al10 alloy
(Fig. 7a). The liquidus solidus and solvus temperatures of the B2 and
sigma phases of both alloys were quite similar (Table 7). Yet, the solvus
temperature of the fcc phase in the Ti-containing alloy was much lower
(834 °C), and the fcc phase was expected to have the ordered L12
structure. Almost simultaneously with the L12 fcc a Laves phase with a
hexagonal (C14) lattice appeared (the corresponding solvus tempera-
ture is 840 °C). The Laves phase had a composition close to that of a
binary Fe2Ti compound, while the composition of the L12 fcc phase was
close to Ni50Al30Ti20.
Finally, the phase diagram of the Fe35Co20Cr17Ni12Al12Ti4 alloy
(Fig. 7d) is rather similar to that of the Fe36Co21Cr18Ni15Al10 alloy
(Fig. 7b), yet some diﬀerences can be found. For instance, a solidiﬁ-
cation range of this Ti-containing alloy was rather wide; the liquidus
and solidus temperatures were 1345 °C and 1216 °C, respectively
(Table 7). Although the solidiﬁcation started from the disordered bcc
phase, both the B2 and fcc phases formed during solidiﬁcation, and the
B2 one appeared ﬁrst. When the solidiﬁcation terminated, the alloy was
composed of three phases: bcc, fcc, and B2. The fcc and B2 phases were
the principal phases with the fractions of ∼0.40–0.55 at temperatures
Table 6
Compression mechanical properties of the Fe36Mn21Cr18Ni15Al10, Fe36Co21Cr18Ni15Al10, Fe35Mn20Cr17Ni12Al12Ti4, and Fe35Co20Cr17Ni12Al12Ti4 alloys at diﬀerent
temperatures.
T, °C Fe36Mn21Cr18Ni15Al10 Fe36Co21Cr18Ni15Al10 Fe35Mn20Cr17Ni12Al12Ti4 Fe35Co20Cr17Ni12Al12Ti4
σ0.2, MPa εf, % σ0.2, MPa εf, % σ0.2, MPa εf, % σ0.2, MPa εf, %
25 910 >50 250 >50 1280 31 1420 18
400 755 >50 155 >50 1100 >50 1285 24
600 325 >50 150 >50 355 >50 795 >50
800 – – – – – – 285 >50
Fig. 7. Equilibrium phase diagrams (dependencies of constitutive phases fractions on temperature) predicted by the Thermo-Calc software: (a) Fe36Mn21Cr18Ni15Al10
alloy; (b) Fe36Co21Cr18Ni15Al10 alloy; (c) Fe35Mn20Cr17Ni12Al12Ti4 alloy; (d) Fe35Co20Cr17Ni12Al12Ti4 alloy.
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below 1150 °C while the bcc phase was a minor one with the fraction
of< 0.15. Another minor phase, NiTi2 appeared at temperatures below
794 °C. The bcc phase was enriched with Fe and Cr, the B2 phase – with
Ni, Al, and Ti, while the fcc phase – with Fe. Co was rather homo-
geneously distributed between the three phases. The NiTi2 phase
composition was close to the following formula (Co, Cr, Ni)1Ti1 with
almost even percentages of Co, Cr, and Ni.
4. Discussion
The present study has revealed that the variation in the chemical
compositions, namely, replacement of Mn with Co and/or addition of Ti
have a very pronounced eﬀect on the structure and mechanical prop-
erties of the non-equiatomic Fe-(Co, Mn)-Cr-Ni-Al-(Ti) HEAs which are
based on the earlier introduced Fe36Mn21Cr18Ni15Al10 alloy [29,34]. In
terms of the phase composition, the most signiﬁcant changes were as-
sociated with (i) variations in the fraction of the fcc phase; (ii) the
presence of the B2/L21 precipitates in the bcc phase.
The fraction of the fcc phase in the program alloys varied in a wide
range, for example, no fcc phase was found in the
Fe35Mn20Cr17Ni12Al12Ti4 alloy (Fig. 4) while the Fe36Co21Cr18Ni15Al10
alloy (Fig. 3) was mostly composed of the fcc phase. Note that although
the L21 phase has an fcc structure, it can be considered as being built of
the bcc and B2 lattices [37]; therefore only the disordered fcc phase is
considered in the present analysis. The fcc-bcc transformation in 3d
transition metals HEAs of diﬀerent chemical compositions is widely
documented [1,38–41]. It was found that the average valence electron
concentration parameter (VEC = Σ ciVECi, where ci and VECi are the
atomic concentration and the valence electron concentration of the i
element, respectively) can be eﬀectively used to predict the bcc/fcc
phases formation in HEAs. The fcc phase(s) form in HEAs with
VEC > 8, the bcc phase(s) form at VEC < 6.87 and both the fcc and
bcc phases coexist in the alloys with the VEC values between 6.87 and
8.0 [38]. We have plotted the fcc phase fraction in the program alloys
against the calculated VEC values (Fig. 8).
Fig. 8 shows a complex, non-monotonic relationship between the fcc
fraction and the VEC value. Since only 4 alloys (data points) were ex-
amined in the present study, the dependence of the fcc fraction on VEC
could not be established reliably. However, the available information
suggests that a solely bcc structure can be expected in the alloys with
VEC below ∼7.2, and a solely fcc structure will be found in the alloys
with VEC above ∼7.7 (the proposed dependence is shown with a da-
shed line in Fig. 8). In the alloys with VEC of∼7.2–7.7 a mixture of the
fcc and bcc phases is expected, and the fraction of the fcc phase in-
creases in proportion with the VEC value. The expected VEC range for
the fcc-bcc mixture is narrower than it was reported previously by Guo
et al. (VEC=6.87–8.0 [38]), but our VEC value for the transition be-
tween the solely bcc and the bcc + fcc structures is rather consistent
with the recent data obtained for alloys with mostly bcc/B2 structures
(VEC=7.35 [32]).
The Thermo-Calc software with the TCHEA2 database also predicts
the bcc/fcc transformation rather reliably; for example, one can
compare the structures and calculated phase diagrams of the
Fe36Mn21Cr18Ni15Al10 alloy (3% of the fcc phase, Figs. 2 and 7a) and
the Fe36Co21Cr18Ni15Al10 alloy (93% of the fcc phase, Figs. 3 and 7b).
The chemical composition of the constitutive phases (Tables 2 and 3)
also correlate with the Thermo-Calc predictions reasonably. An insig-
niﬁcant fraction of the fcc phase along grain boundaries of the
Fe36Mn21Cr18Ni15Al10 alloy (Fig. 2b and c) was most likely produced
via a solid-state reaction during cooling of the as-solidiﬁed bcc phase
(Fig. 7a), as well as the B2 precipitates (Fig. 2d). The fcc phase can be
removed by proper heat treatment [29].
In turn, the bcc/B2 mixture (Fig. 3e) in the Fe36Co21Cr18Ni15Al10
alloy was likely produced by a solid-state decomposition of the high-
temperature bcc phase that formed at the initial stages of solidiﬁcation
and was mostly replaced by the fcc phase during cooling (Fig. 7b). The
microstructure morphology of the Fe36Co21Cr18Ni15Al10 alloy (coarse
fcc grains separated by thick layers of the bcc/B2 mixture; ﬁne bcc/B2
plates (Fig. 3)) supports the suggested sequence of phase transforma-
tions. However, note that the experimental fractions of the bcc (0.03)
and the B2 (0.04) phases is much lower than those predicted by the
phase diagram; this discrepancy can be attributed to a non-equilibrium
as-cast condition and/or well-known imperfections of the available
databases.
In the alloys with Ti, namely Fe35Mn20Cr17Ni12Al12Ti4 and
Fe35Co20Cr17Ni12Al12Ti4 the L21 precipitates were found in the bcc
phase instead of the B2 precipitates in the Fe35(Co,
Mn)20Cr17Ni12Al12Ti4 alloys. The L21 phase formation is well docu-
mented in the Fe-Cr-Ni-Al-Ti ferritic alloys [35–37,42–44] and in Al-Ti-
containing HEAs [45–48] and therefore is not surprising in the Fe35(Co,
Mn)20Cr17Ni12Al12Ti4 alloys. However, note that although the observed
L21 phase is enriched with Al and Ti (Tables 4 and 5), its composition is
Table 7
Characteristic temperatures of phase transformations (liquidus, solidus, and temperatures of appearance of designated phases; note that in all alloys the solidiﬁcation
started from the bcc phase) of the Fe36Mn21Cr18Ni15Al10, Fe36Co21Cr18Ni15Al10, Fe35Mn20Cr17Ni12Al12Ti4, and Fe35Co20Cr17Ni12Al12Ti4 alloys predicted by the
Thermo-Calc software.
T, °C Fe36Mn21Cr18Ni15Al10 Fe36Co21Cr18Ni15Al10 Fe35Mn20Cr17Ni12Al12Ti4 Fe35Co20Cr17Ni12Al12Ti4
Liquidus 1577 1385 1600 1346
Solidus 1432 1355 1440 1215
B2 1131 1287 1118 1290
FCC 1058 1371 834 1247
Sigma 1019 710 972 –
Laves – – 840 –
NiTi2 – – – 794
Fig. 8. Dependence of the fcc phase fraction on the valence electron con-
centration (VEC) value for the program alloys. Note that the dashed line is only
a guide to eyes.
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very far from the ternary Ni2AlTi compound (the same is valid for the
B2 phase in the Fe36(Co, Mn)21Cr18Ni15Al10 alloys). A complex che-
mical composition of the L21 phase is most probably due to the complex
site occupancy. Analysis of the available ternary phase diagrams [49]
shows that 5 (Al-Co-Cr; Al-Co-Ti; Al-Cr-Fe; Al-Fe-Ni; Al-Ni-Ti) and 4 (Al-
Cr-Fe; Al-Fe-Ni; Al-Fe-Ti; Al-Ni-Ti) subsystems of the Al-Co-Cr-Fe-Ni-Ti
and Al-Cr-Fe-Mn-Ni-Ti systems, respectively, contained the L21 com-
pounds. Therefore it seems reasonable that the constitutive elements
can easily share the same sites in the L21 phase of the multicomponent
alloys.
Unlike the B2 phase in the Fe36(Co, Mn)21Cr18Ni15Al10 alloys, the
L21 phase formation in the Fe35(Co, Mn)20Cr17Ni12Al12Ti4 alloys is not
predicted by the Thermo-Calc software with the TCHEA2 database. In
both Ti-containing alloys, the B2 phase is expected to precipitate
(Fig. 7c and d). An incorrect prediction of a type of precipitated phases
can be ascribed to an imperfect description of the phases with such a
complex chemical composition and site occupancy in the available
commercial databases [50]. Meanwhile, the tendency of the fcc phase
formation in the Fe35Co20Cr17Ni12Al12Ti4 alloy was correctly predicted
by the equilibrium phase diagram (Fig. 7d). Also, in both Ti-containing
alloys the L21 phase particles were most likely produced via a solid-
state reaction during cooling of the high-temperature bcc phase, similar
to the B2 phase in the Fe36(Co, Mn)21Cr18Ni15Al10 alloys. The fcc phase
in the Fe35Co20Cr17Ni12Al12Ti4 alloy, found on the bcc grain boundaries
or in form of the lens-shape particles (Fig. 5), can be produced during
the solidiﬁcation in agreement with the calculated phase diagram
(Fig. 7d).
The B2 and L21 particles in the Fe36Mn21Cr18Ni15Al10
Fe35Mn20Cr17Ni12Al12Ti4 or Fe35(Co, Mn20Cr17Ni12Al12Ti4 alloys have
the cuboidal or plate-like shape, most probably due to their crystal-
lographic similarity with the bcc matrix [37]. The exact shape of the
precipitates is dependent on the elastic and interphase energies
[32,51,52], which can be evaluated using the characteristic parameter
L [32]:





Where ε is the lattice misﬁt, C44 is the elastic constant of the matrix, r is
the average particle size, and s is the average speciﬁc interfacial energy.
The lattice misﬁt between bcc and B2 and bcc and L21 phases can be























It is generally expected that with an increase of L the shape of the
particles will change from spherical to cuboidal and then to plate-like.
Using the experimental values of lattice parameters (Table 1) and size
of precipitates, and accepting the values of C44=130 GPa and
s=0.125 J/m2 [32], the L margin for the Fe36Mn21Cr18Ni15Al10,
Fe35Mn20Cr17Ni12Al12Ti4, and Fe35Co20Cr17Ni12Al12Ti4 alloys were de-
termined to be 1.08, 2.11, and 3.27, respectively. The gradual increase
of the L value is consistent with the observed changes in the precipitate
shape from cuboidal in the Fe36Mn21Cr18Ni15Al10 alloy and plate-like in
the Fe35Co20Cr17Ni12Al12Ti4 alloy to a mixture of cuboidal and plate-
like particles in the Fe35Mn20Cr17Ni12Al12Ti4 alloy.
Mechanical properties of the alloys also varied signiﬁcantly de-
pending on their chemical composition and structure (Fig. 6 and
Table 6). The fcc-structured Fe36Co21Cr18Ni15Al10 was considerably
softer than the other alloys. It is generally believed that the fcc HEAs
are softer and more ductile than the bcc ones [1]; however in the
present case the low strength of the alloy can be mostly attributed to the
absence of any strengthening precipitates in the fcc matrix of the
Fe36Co21Cr18Ni15Al10 alloy (Fig. 3). The lower strength of the
Fe36Co21Cr18Ni15Al10 alloy also shows that a simple addition of ele-
ments with high melting temperatures (i.e. replacement of Mn with Co)
is not suﬃcient for improvement of the high-temperature properties;
particular attention has to be paid to the changes in phase composition.
In turn, all the bcc-based alloys (Fe36Mn21Cr18Ni15Al10 and Fe35(Mn,
Co)20Cr17Ni12Al12Ti4) had high compression strength which can be
associated with the presence of the ﬁne B2/L21 particles (Figs. 2, 4 and
5).
However, due to signiﬁcant diﬀerences in the structure of the alloys,
it is impossible to establish exactly which factor(s) controls the me-
chanical behavior of the precipitation-strengthened alloys. Despite
qualitatively similar microstructure (mostly cuboidal precipitates into
bcc matrix (Figs. 2 and 4)), the Fe35Mn20Cr17Ni12Al12Ti4 alloy was
considerably stronger than the Fe36Mn21Cr18Ni15Al10 alloy at room
temperature and 400 °C (Table 6). Given the quantitative diﬀerence
between two alloys in the bcc grain sizes (200 μm in the
Fe36Mn21Cr18Ni15Al10 alloy vs. 30 μm in the Fe35Mn20Cr17Ni12Al12Ti4
alloy), the type of precipitates (B2 vs. L21), their sizes (240 nm vs
190 nm) and fractions (0.38 and 0.42), it is hard to deduce what are the
exact reasons of higher strength of the Ti-containing alloy. Meanwhile
the mostly lamellar structure should be the mean reason for the im-
pressive strength of the Fe35Co20Cr17Ni12Al12Ti4 alloy (Fig. 5) at both
room and elevated (≤600 °C) temperatures; in this case long lamellae
of the L21 phase eﬀectively restricts the movement of dislocations in the
“channels” of the bcc phase. However, the presence of the fcc particles
which are free from precipitates (see Fig. 5b) can have a negative eﬀect
on the strength of the alloy.
The ductility of the alloys is also aﬀected by their chemical com-
position and structure (Table 6). Similar compression ductility of the
Fe36Mn21Cr18Ni15Al10 and Fe36Co21Cr18Ni15Al10 alloys at all testing
temperatures may seem surprising as their microstructures and strength
characteristics are signiﬁcantly diﬀerent (Figs. 2 and 3). However, one
must keep in mind that compression is a “soft” testing scheme, while
tensile ductility of the two alloys can be distinctively diﬀerent.
The Ti-containing alloys have lower ductility at room temperature;
in addition the Fe35Co20Cr17Ni12Al12Ti4 alloy is less ductile than the
other alloys at 400 °C. Perhaps, the lower ductility of the Ti-containing
alloys can be associated with the bcc and L21 lamellar mixture forma-
tion. Although in the Fe35Mn20Cr17Ni12Al12Ti4 alloy such structures
occupy minor areas (Fig. 4b), due to lower ductility (in comparison
with the major bcc + cuboidal L21 structure) they can serve as pre-
ferred sites for crack initiation, thereby limiting the ductility of the
alloy.
In the Fe35Co20Cr17Ni12Al12Ti4 alloy bcc + L21 lamellae are the
major structural constituent, nevertheless the alloy has reasonable
ductility and strain hardening capacity (Fig. 6d, Table 6), at least in
compression. The ductility of the alloy can be attributed to the presence
of a relatively high amount (0.17) of the precipitate-free fcc phase.
Single fcc phase alloys are known for their exceptional ductility and
good strain hardening [2,54–56]. Therefore, the fcc phase presence,
especially at the grain boundaries, can provide eﬀective strain accom-
modation for the alloy mostly composed of the hard bcc + L21 lamellar
mixture and can promote the ductility of the alloy.
In general, the bcc-based precipitation strengthened alloys ex-
amined in this study, namely the Fe36Mn21Cr18Ni15Al10,
Fe35Mn20Cr17Ni12Al12Ti4, and Fe35Co20Cr17Ni12Al12Ti4 alloys, exhibit
attractive strength at temperatures up to 400–600 °C (Table 6). Fig. 9
shows a comparison between the speciﬁc yield strengths of the reported
alloys; several other HEAs based on transition elements (an
Al10Co25Cr8Fe15Ni36Ti6 alloy with an fcc/L12 structure [23],
Al0.7CoCrFe2Ni and Fe34Cr34Ni14Al14Co4 alloys with a bcc/B2 structure
mostly [31,33]), a commercial nickel-based superalloy Inconel 718
[57] and a duplex stainless steel S32205 [58].
Fig. 9 clearly shows that the Fe35Co20Cr17Ni12Al12Ti4 alloy is
stronger than any other transition metal HEAs at temperatures below
800 °C. The same alloy is considerably stronger than even the Ni-based
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Inconel 718 alloy at temperatures from room to 400 °C and has very
similar strength at 600 °C. The Fe35Mn20Cr17Ni12Al12Ti4 alloy has spe-
ciﬁc strength close to that of the Fe35Co20Cr17Ni12Al12Ti4 at 25 °C and
400 °C, but it is much weaker at 600 °C; meanwhile the
Fe36Mn21Cr18Ni15Al10 alloy has lower strength in the whole studied
temperature interval. Overall, it can be concluded that the examined
alloys, especially the Ti-containing ones, have the very competitive
speciﬁc strength and can be considered for potential structural appli-
cation for temperatures up to 600 °C.
In summary, the presented study has revealed that the non-equia-
tomic Fe-(Co, Mn)-Cr-Ni-Al-(Ti) HEAs with mostly the bcc/B2 or bcc/
L21 structures can have promising mechanical properties for high-
temperature applications. In addition, microstructure parameters, in-
cluding, but not limited to, the fraction of the fcc, B2, and L21 phases
and the morphology of the L21 precipitates, can be controlled by
varying the chemical compositions of the alloys. The calculated phase
diagrams also suggested wide possibilities for the microstructure con-
trol via heat/thermomechanical treatment in most of the alloys. As a
result, alloys with desired microstructures for even better mechanical
properties can potentially be developed based on the Fe-(Co, Mn)-Cr-Ni-
Al-(Ti) system. However, additional studies are still needed to establish
more complete understanding of the composition-structure-properties
relationships in such alloys.
5. Conclusions
In the present work four non-equiatomic Fe-(Co, Mn)-Cr-Ni-Al-(Ti)
high entropy alloys, namely Fe36Mn21Cr18Ni15Al10, Fe36Co21Cr18Ni15Al10,
Fe35Mn20Cr17Ni12Al12Ti4, and Fe35Co20Cr17Ni12Al12Ti4 alloys, after arc
melting and casting were examined. Both structure and mechanical
properties showed pronounced dependence on the chemical composition
of the alloys:
1) The Ti-free Fe-(Co, Mn)-Cr-Ni-Al alloys were composed of the bcc,
fcc, and B2 phases. The Fe36Co21Cr18Ni15Al10 alloy had the pre-
cipitate-free fcc matrix with a small amount of the mixed bcc and B2
phases at the fcc grain boundaries. In turn, the
Fe36Mn21Cr18Ni15Al10 alloy was composed of the bcc matrix with
the embedded cuboidal B2 precipitates. A small amount of the fcc
phase at the bcc grain boundaries was also detected.
2) The Fe-(Co, Mn)-Cr-Ni-Al-Ti alloys were mostly composed of the bcc
matrix phase and L21 precipitates. In the Fe35Mn20Cr17Ni12Al12Ti4
the L21 particles mostly had the cuboidal shape, while in the
Fe35Co20Cr17Ni12Al12Ti4 alloy the plate-like precipitates were
observed. In addition, a substantial amount of the fcc phase (0.17)
was found in the Co-containing alloy.
3) The amount of the fcc phase in the experimental alloys was found to
be dependent on the average valence electron concentration (VEC)
value. The equilibrium phase diagrams constructed by the Thermo-
Calc software also predicted the formation of the bcc and fcc phases
(and B2 in Ti-free alloys) reliably. However, the transition between
the B2 precipitates in the Ti-free alloys and the L21 precipitates in
the alloys with Ti was not predicted by Thermo-Calc.
4) The fcc-structured Fe36Co21Cr18Ni15Al10 alloy had the lowest
strength among the examined alloys both at room and elevated
temperatures. The alloys with the bcc + cuboidal B2/L21 structure,
namely Fe36Mn21Cr18Ni15Al10 and Fe35Mn20Cr17Ni12Al12Ti4, had
much higher strength at room temperature and 400 °C, but softened
pronouncedly at 600 °C. The Fe35Co20Cr17Ni12Al12Ti4 alloy with the
bcc matrix and plate-like L21 precipitates had the highest strength
among the examined alloys at room temperature and retained high
strength even at 600 °C. The comparison of the speciﬁc strength of
the precipitation-strengthened Fe-(Co, Mn)-Cr-Ni-Al-(Ti) alloys with
other 3d transition metals and commercial alloys showed the po-
tential of the examined alloys as high-temperature materials.
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